21
The days with highest penetration of renewables tend to be sunny, windy weekend days between May 22
and September, when there is a significant contribution of both wind and solar generation and demand 23 is suppressed due to human behaviour. Based on the current distribution of wind and solar capacity, 24 there is very little curtailment for all system non-synchronous penetration limits considered. However, 25 as installed capacity of renewables grows the volume of generation curtailed also increases with a 26 disproportionate volume occurring at weekends. The total volume of curtailment is highly dependent 27 on ratio of wind and solar capacity, with the current blend close to the optimum level. To meet ambitious carbon reduction targets, global renewable energy deployment has expanded 32 dramatically, with wind and solar generation significantly outpacing other low carbon energy options 33 [1] . The preferred renewable technology has been strongly influenced by local climatic conditions. 34
However a combination of policy incentives and falling costs have seen growing levels of solar 35 generation accompanying wind, even in high latitude systems where solar was once considered non-36 favourable due to its relatively modest mean output. This is typified by the UK, which is one of the 37 global leaders of wind power with an installed capacity of 17.9 GW (as of June 2017) and has 38 experienced a rapid expansion of solar capacity from only 2.8 GW in 2013 to 12.5 GW in June 2017 39 [2] . As a result wind and solar now provide approximately 15% of the UK annual electricity 40 requirement [3] . However, on shorter time scales the penetration of renewables can be significantly 41
higher. For example, on Sunday 11 th June 2017 wind and solar provided approximately 37% of the 42 total daily demand (excluding embedded conventional generation), with a peak penetration of 47.0% 43 occurring for the 30-minute period between 14:00 and 14:30 [4].
44
One strand in a wide range of studies addressing renewable intermittency arises from a concern that 45 excess renewable generation may need to be curtailed, meaning wasted investment and increased 46 system costs. It is widely recognised that curtailment could result from system wide renewable excess, 47 localised network constraints or system security concerns. [5, 6, 7, 8] . A particular security concern 48 regards the risk to system stability which can arise at less extreme renewable generation levels, now 49 being reached in certain island and national power systems [9, 10, 11 
63
For Great Britain, given the rapid expansion of both wind and solar capacity, the possible penetrations 64 of renewables which could occur is unclear as observed data is only available for a relatively short 65 period of time, during which the capacity has been changing. An understanding of when the high 66 penetrations occur is also vital for the design of time of use tariffs and demand response and 67 flexibility provisions. Furthermore, there is need to determine how the penetration of renewables will 68 be exacerbated in the coming years due to the planned expansion of wind and solar capacity, as 69 outlined in National Grid's Future Energy Scenarios [16] . Based on a range of possible scenarios, the 70 combined solar and wind capacity could increase to between 56.7 GW to 80.1 GW by 2030.
71
The aim of this study is to determine the penetration of renewables over a comprehensive range of 72 meteorological conditions and scenarios. To achieve this, long term and self-consistent hourly time 73 series of wind power, solar power and demand are produced from meteorological reanalysis data. The 74 derived data enables the characteristics of the power system to be determined including (1) 
95
The derived time series is then analysed to determine the contribution of renewable generation to 96 demand for daily and annual averaging periods, and the volume of curtailment.
97
The level of wind power curtailment is dependent on a number of network constraint factors 98 including, the transmission, capacity of power lines, maintenance requirements and regional system 99 requirements [5] . However, in this study curtailment is only dependent on the system's capability to 100 safely operate with certain percentage of its generation from non-synchronous generation. A system 101 non-synchronous penetration limit (SNSP) may be imposed by the TSO to prevent an exceedance of a 102 certain percentage of total generation by non-synchronous sources at any one time. For each hour in 103 the time series, if the hourly penetration of wind and solar power exceeds this threshold then the 104 excess volume of renewable energy is curtailed. This study therefore does not include the imports and 105 export of electricity via interconnectors in the SNSP calculation. This should be seen as a measure of 106 system stress, rather than an absolute predictor of discarded renewable generation. In this study, the 107 SNSP limit is varied from 40% to 100%. farm's location. The wind speed is then vertically extrapolated to the turbine hub height, assuming a 115 logarithmic change in wind speed with altitude. The hub-height winds are converted to wind farm 116 normalised power output using a non-linear transform function (the so-called 'wind power curve') and 117 multiplied by the installed capacity to produce an estimate of power output from the wind farm. 118
Finally, the power output of each wind farm is summed over all the wind farms in Great Britain to 119 produce an hourly time-series of GB-aggregated wind power generation. The model has been applied 120 for the current wind farm distribution in Great Britain (as of June 2017) which has a total capacity of 121 16.9 GW including 5.7 GW located offshore. A complete description of the methodology -and 122 extensive discussion of its validation -is provided in Cannon et al. The MERRA reanalysis has also been used to derive an hourly time series of GB-aggregated solar PV 142 generation based on the current distribution of solar panels (capacity 12.5 GW as of June 2017). This 143 has been achieved by dividing Great Britain into 9 regions (see Figure 1 ) and determining the 144 spatially-averaged, hourly mean global irradiance and air temperature for each region. 
156 where is the irradiance (in Wm -2 ), is the installed capacity of solar PV of each of the regions 157 (n=9) and t is the time. A similar method has been used to determine an hourly GB-mean temperature, 158 using equation 3.
160 where is the capacity weighted mean air temperature (in °C).
161
For the current distribution, the capacity of each region has been estimated using the feed-in tariff 162 register which outlines the location of each PV system in GB (receiving subsidy) on a local authority 163 resolution [29] . The weightings for each region are shown in Figure 1 . 
169
The regression model created has the form:
171 where PV(t) is the GB-aggregated solar capacity factor at time t,. The α's are regression coefficients. 172 α 2 and α 3 correspond to the coefficients for meteorological drivers of solar PV generation; solar 173 irradiance and temperature. α 4 to α 11 are coefficients of binary values accounting for the season and 174 time of day. The magnitude of the derived parameters is given in Each day in the 36-year period has been categorised based on the terciles of total renewable 184 generation (i.e. wind and solar generation) and electricity demand and therefore results in possible 9 185
modes. This analysis uses the demand data which contains the daily variability. Figure 2 shows the 186 frequency of occurrence of each grid mode as a function of month averaged across the 36-year period. 187
The modes associated with high demand predominantly occur in winter, (92% of high demand days 188 occur between November and March) and those associated with low demand days generally occur in 189 summer (82% between May and September). However, due to the suppression of demand on 190 weekends, there are a number of low demand days in all months of the year with the exception of 191
February. Consequently, the days when the system is categorised as low demand and high renewable 192 generation can occur throughout the year but predominantly in summer. 
195
Over the 36 years, there are 1057 days classified as low demand and high renewables. shows that approximately 53% of these days occur between June and August when demand is 197 relatively low due to warmer summer temperatures (therefore reduced demand for heating). During 198 this period, the events can occur on both weekends and weekdays, but there are a disproportionate 199 number on the weekend (58.3% weekends and 41.7% weekdays; see Figure 3a) . However, the winter 200 events only occur on weekends when the level of demand is suppressed, particularly on Sundays. either April or September). In addition, Figure 4 shows that of the peak renewable days 31 occur on 214 weekends (20 Sundays) when the demand is low.
215
The days with high proportions of renewable generation are therefore driven by meteorological 216 conditions and the day of the week. The aim of this paper is to investigate the highest possible 217 penetrations of renewables for a comprehensive range of meteorological conditions as recorded over a 218 36 year period. It is therefore important to account for the fact that cycles of human behaviour-such 219 as working weeks-are not weather-dependent. The current GB power system may therefore have been 220 historically fortunate if the meteorological conditions leading to largest wind and solar power 221 generation have fallen on days with above average demand (i.e. weekdays rather than weekends). To 222 ensure the highest possible renewable penetrations are observed, an additional demand time-series is 223 created such that every day is representative of a Sunday (i.e., the day of lowest demand throughout 224 the week).
225
The peak renewable penetration day for each year has been recalculated using the Sunday equivalent 226 demand data. This can be considered as the peak renewable day for each year if the same weather 227 conditions had occurred but happened to fall on a Sunday. Figure 4 shows this leads to an increase in 228 the peak renewables penetration for all but three years. As a result, there is an increase in the peak 229 penetration day across the 36 years to 60.8% (experienced in 1996). It is likely that curtailment of 230 renewable generation would be required on days with these high penetrations of renewables, this is 231 discussed in the following section. Based on the current capacity of wind and solar, there is very little curtailment for all SNSP limits 240 considered (see Figure 5a ). For example with the lowest SNSP threshold tested of 40%, only 1.5% of 241 total renewable generation is curtailed -this equates to 955 GWh per year. Of the amount curtailed, a 242 disproportionate amount (55%) occurs on weekend days due to the reduced demand. As the SNSP 243 limit increases to 50%, the amount of curtailment decreases to only 0.2% of total renewable 244 generation or 120 GWh per year with an even higher proportion occurring at the weekend, 77.4%.
245
Over the coming years there will be continued growth in renewables in Great Britain, this section 246 therefore estimates how the level of curtailment changes as the capacity of wind and solar increases. 247
Two future scenarios have been considered (see Table 2 ). For both scenarios it is assumed that the 248 current ratio of wind to solar capacity remains unchanged (i.e. 43% solar and 57% wind) along with 249 the spatial distribution of the capacity. In the first scenario, wind and solar contribute an average of 250 25% of total electricity demand over the 36 year period. To meet this value, the capacity of solar and 251 wind is required to increase to 15.7 GW and 22.5 GW respectively. For the second scenario, wind and 252 solar contribute an average of 30% of total electricity demand over the 36 year period corresponding 253 to the capacity of solar and wind increasing to 18.8 GW and 27.0 GW respectively. Figure 5 (b) and 5 (c) show as the capacity of renewables increases, the volume of renewable 257 generation curtailed also increases. For scenario 1, with a non-synchronous limit of 50% there is an 258 average curtailment of 1249 GWh (1.6% of total RE generation) of which 54% occurs on weekends. 259
254
In comparison, for scenario 2, there is an average curtailment of 4501 GWh (4.8% of total RE 260 generation) of which 44% occurs on weekends. constant ratio of wind to solar capacity. However, this ratio could change depending on the future 268 uptake of each of the technologies; therefore this section investigates the volume of curtailment for a 269 full range of possible ratios of wind to solar capacity. For each ratio, the capacity in wind and solar 270 has been adjusted to maintain the requisite level of renewable generation as a proportion of demand 271 over the 36 year period (i.e. 25% of demand for scenario 1 and 30% of demand for scenario 2). Due to 272 the differences in capacity factor between wind and solar, systems with higher proportion of solar 273 require higher levels of capacity to maintain the total energy generation. For example, to maintain the 274 energy requirement for scenario 1, a solar only system requires 80.3 GW of capacity, in comparison to 275 27.9 GW of capacity for a wind only system. Figure 6 shows the level of curtailment for two values of the SNSP limit (50% and 75%) as a function 282 of the proportion of solar capacity. A similar relationship is shown for all of the scenarios considered. 283
281
When the renewable capacity is 100% wind (i.e. solar capacity is zero), curtailment is relatively low 284 though not at its minimum level. For example, for scenario 1 when the SNSP limit is set to 50%, only 285 4.0% of renewable generation is curtailed. As the proportion of solar capacity increases, the level of 286 curtailment decreases and reaches a minimum value of 1.5% at a blend of 48% solar and 52% wind. 287
As the proportion of solar capacity increases further, the level of curtailment increases rapidly and To understand the relationships shown in Figure 6 it is important to consider when the curtailment 293 occurs. This section determines the volume of curtailment as a function of time of day and season for 294 scenario 2 (30% of demand provided by renewables) and a 50% non-synchronous penetration limit. 295 Figure 7 shows when the curtailment occurs for a renewables capacity of 100% solar, 100% wind and 296 the current blend (57% wind and 43% solar). For the 100% solar system, as expected the majority of 297 curtailment occurs in summer (54.5%) and spring (35.1%) with the peak occurring at noon. In 298 contrast, for the wind only system, the majority of curtailment occurs in autumn (30.8%) and winter 299 (40.5%) and predominantly overnight (67% occurs between 1800 and 0600) when the demand is 300 lower.
301
For the current ratio of wind to solar capacity, the curtailment is approximately evenly split across the 302 four seasons; DJF=26.5%, MAM=26.3%, JJA=20. In recent years there has been a significant expansion in the capacity of both wind and solar power in 314
Great Britain. As a result, the system operator is observing days where a high proportion of the 315 electricity demand is provided by renewables. This has led to concerns regarding system stability due 316 to reduced levels of inertia. However, for temperate climates like Great Britain with high capacities of 317 both wind and solar, it is unclear as to when the high penetration events occur. This study has 318 developed a framework method which allows the characteristics of the national demand and 319 renewable generation to be examined for a range of scenarios (i.e. changes in wind and solar capacity 320 and/or the ratio of wind and solar capacity). The results show that long term weather analysis is 321 essential when considering instantaneous peaks and for putting recent system experience into context, 322 reinforcing the findings of [6, 23] .
323
System operators are already paying increased attention to high renewable, low demand conditions. 324
This need will increase in the future and should be planned for. Based on the current capacity of 325 renewables, the infrequent nature of high penetration events indicates that some level of curtailment 326 would be the most effective remedy for maintaining system stability. However, more frequent events 327 occur as the installed capacity of renewables increases (indicated in Figure 4 ), which would represent 328 either lost revenue to the generators, or a significant cost to the System Operator given the current 329 market environment.
330
For a country like the UK weekends can be particularly challenging, especially Sundays. Across the 331 36 years investigated, the days with the highest penetration of renewables tend to be sunny, windy 332 weekend days between May and September. This is when there is a significant contribution of both 333 wind and solar generation and the demand is suppressed due to human behaviour. For the period of 334 1980-2015, the daily renewable generation is above the 90th percentile and the daily demand is below 335 the 10th percentile on only 52 occasions. All of these events are on weekend days (36 on Sundays) 336 and 54% occur in either May or September.
337
The required system interventions can vary by the time of day and season. The worst case 338 combination of high renewable generation from sun and wind coinciding with low demand can fall at 339 any time of year, but has a bimodal nature. For winter, supply surplus is likely to come overnight, 340 whereas during the summer surplus is most likely to fall at mid-day. This has implications for a 341 significant body of current research exploring demand response and flexibility provision, not least the 342 design of time of use tariffs.
343
The magnitude of the excess energy is highly dependent on the ratio of wind and solar capacity. This 344 analysis therefore reinforces the merits of a blend of renewables and points to a 'sweet spot' mix of 345 wind and solar. For Great Britain, the level of excess energy is at a minimum value for a blend of 346 renewables capacity of 48% solar and 52% wind. In terms of system curtailment, the current system is 347 therefore close to optimum mix and any future changes to this ratio could have significant 348 implications. For example, as the capacity of wind continues to grow over the coming years, it creates 349 an opportunity for the expansion of solar capacity to minimise the impact on the system. For a solar 350 dominated system, the generation is limited to daylight hours predominantly in the summer months at 351 which time the demand is relatively low and consequently high levels of curtailment would be 352 required in these periods. For a wind dominated system, periods of excess energy are driven by wind 353 generation overnight in winter and autumn months when the demand is low.
